We have performed NMR experiments on the quasi one-dimensional frustrated spin-1/2 system LiCuVO4 in magnetic fields H applied along the c-axis up to field values near the saturation field Hsat. For the field range Hc2 < H < Hc3 (µ0Hc2 ≈ 7.5 T and µ0Hc3 = [40.5 ± 0.2] T) the 51 V NMR spectra at T = 380 mK exhibit a characteristic double-horn pattern, as expected for a spinmodulated phase in which the magnetic moments of Cu 2+ ions are aligned parallel to the applied field H and their magnitudes change sinusoidally along the magnetic chains. For higher fields, the 51 V NMR spectral shape changes from the double-horn pattern into a single Lorentzian line. For this Lorentzian line, the internal field at the 51 V nuclei stays constant for µ0H > 41.4 T, indicating that the majority of magnetic moments in LiCuVO4 are already saturated in this field range. This result is inconsistent with the previously observed linear field dependence of the magnetization M (H) for Hc3 < H < Hsat with µ0Hsat = 45 T [L. E. Svistov et al., JETP Letters 93, 21 (2011)]. We argue that the discrepancy is due to non-magnetic defects in the samples. The results of the spin-lattice relaxation rate of 7 Li nuclei indicate an energy gap which grows with field twice as fast as the Zeeman energy of a single spin, therefore, suggesting that the two-magnon bound state is the lowest energy excitation. The energy gap tends to close at µ0H ≈ 41 T. Our results suggest that the theoretically predicted spin-nematic phase, if it exists in LiCuVO4, can be established only within the narrow field range 40.5 < µ0H < 41.4 T .
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I. INTRODUCTION
The search for novel quantum states in strongly correlated electronic systems exhibiting an exotic order is at the core of modern condensed matter physics. An example that attracts strong recent interest is the nematic phase. Analogous to the nematic state observed in liquid crystals, electronic correlation in a nematic phase develops a preferred orientation, which breaks rotational symmetry. However, time reversal symmetry is preserved unlike in a conventional magnetic order. The possibility of such nematic order has been discussed in several different systems such as frustrated magnets, 1,2 iron-pnictide superconductors, 3 and heavy-fermion materials.
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Among them, one-dimensional (1D) frustrated quantum spin systems (S = 1/2) having a ferromagnetic nearest neighbor (NN) exchange interaction J 1 and an antiferromagnetic next-nearest neighbor (NNN) interaction J 2 ,
in magnetic fields deserve particular attention since extensive theoretical efforts have been devoted to this model. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Such intrachain interactions together with ferromagnetic interchain coupling in the case of large spin values yield a rich magnetic phase diagram. 18 In particulary, the case |J 1 /(4J 2 )| < 1 leads to a helical magnetically ordered structure. In principle, a true long-range magnetically ordered structure of a 1D chain of magnetic moments is suppressed by spin fluctuations, and a magnetic state of such a system is characterized by shortrange correlations between the magnetic moments. But according to theory, a long-range magnetic order can be stabilized due to interactions beyond Eq. (1), i.e., interactions with an applied magnetic field, interactions with the crystalline environment, or interactions between magnetic chains. For instance a moderate static magnetic field H stabilizes helical correlations in favour of a longrange ordered state even in one dimension 7, 8 with the order parameter < S n × S n+1 > z =< S > for S = 1/2 and H z. In contrast to the helical magnetic structure the expectation values of the transverse spin components < S x n > and < S y n > are equal to zero. Such magnetic state with this pseudovector order parameter was labeled the chiral phase in the literature. To our knowledge, this chiral phase has not been observed experimentally.
One-dimensional frustrated quantum spin systems with competing exchange interactions given by Eq. (1) are intriguing also in high magnetic fields, near the saturation field H sat . Let us first consider the fully polarized ground state above the saturation field H > H sat . In ordinary unfrustrated antiferromagnets, the lowest energy excitation is described by a single spin-flip, or a magnon, which acquires kinetic energy due to exchange interactions, forming a dispersive magnon band. As the field is reduced, the excitation gap determined by the minimum energy of the magnon band vanishes at H sat . Below H sat , the Bose-Einstein condensation (BEC) of magnons occurs in the presence of finite three-dimensional interchain coupling, resulting in an antiferromagnetic order in the plane perpendicular to the field with the order parameter (−1) 19, 20) . In contrast, the lowest energy excitation in the frustrated chain of Eq. (1) immediately above H sat is a bound magnon pair, not a single spin-flip, stabilized by the ferromagnetic NN interaction for a wide range of the ratio J 1 /J 2 (Refs. [5] [6] [7] [8] [9] [21] [22] [23] . Below H sat , these bound magnon pairs exhibit BEC in the presence of specialtype interchain coupling and establish a long-range ordered magnetic structure with the order parameter given by (−1) [12] [13] [14] [15] [16] [17] . This type of magnetic order in the recent literature is labeled as nematic. Again, the nematic order breaks the spin rotational symmetry. More precisely, the preferred orientation of the nearest neighbor spin correlation (director) rotates 90
• from one bond to the next. However, the transverse components < S As the field is further decreased, theories predict that the nematic order is replaced by a spin-density-wave (SDW) state, where the moments are collinear with the external field and their magnitudes are modulated with a generally incommensurate periodicity. [7] [8] [9] [14] [15] [16] This SDW state can be regarded as a spatial order of the bound magnon pairs stabilized by their mutual repulsive interaction, which becomes dominant over the gain in the kinetic energy of the BEC phase as the density of bound magnon pairs increases.
A promising candidate compound where these theoretical predictions are expected to be tested experimentally is the antiferromagnet LiCuVO 4 , which contains frustrated chains of Cu 2+ (S = 1/2) along the crystallographic b-direction. 24 Let us first summarize the results of the previous studies on the magnetic phases of LiCuVO 4 for fields lower than µ 0 H = 30 T (Refs. [25] [26] [27] [28] [29] [30] [31] [32] [33] . At zero field, an incommensurate planar spiral structure is realized below T N ≈ 2.3 K with the moments lying in the ab-plane. 25, 26 A spin-flip transition occurs at µ 0 H c1 = 2.5 T, flipping the moments into the plane perpendicular to the field. 28 In higher fields
Magnification of M (H) for fields around the saturation field Hsat. Data of three different single crystals S1, S2 and S0 * are shown, where the data of S0 * are taken from Ref. 34 . The dashed lines are parallel to each other and guide the eye. The M (H) data for the samples S1 and S2 are more noisy than for S0
* , because these samples are significantly smaller.
structure is realized, [28] [29] [30] [31] 33 consistent with the theoretical prediction.
7-9,14-16 Remarkably, the relation between the magnetization and the wave vector of the spin-modulated structure measured by neutron diffraction experiments in fields up to 15 T demonstrates that it is the bound magnon pairs with S z = 2 that form a periodic structure. 32, 33 Also the temperature dependence of the nuclear spin-lattice relaxation rate 1/T 1 at the V sites indicates the development of an energy gap in the transverse spin excitation spectrum above T N , 31 which corresponds to the binding energy of magnon pairs, as theoretically predicted. 10, 11 The observation of the spin-modulated phase and the experimental proof for the bound magnon pairs provide strong support that LiCuVO 4 is indeed well described by the model of Eq. (1) .
By further increase of the applied magnetic field H, it is expected that the spin-nematic phase develops before the magnetization saturates at H sat . In recent experiments the field dependent magnetization curve M (H) of LiCuVO 4 exhibited anomalies slightly below µ 0 H sat ≈ 45 T, indicating a new phase.
34 Figure 1 shows M (H) for three different samples measured in pulsed magnetic fields H applied along the c-direction at T = 1.3 K. In addition to the anomalies at H c2 and H sat already mentioned, all samples show another anomaly at µ 0 H c3 ≈ 40.5 T, about 5 T below the saturation. The sharp increase of the magnetization towards higher field stops at µ 0 H c3 . The magnetization then increases linearly in the field range H c3 H < H sat with the slope ≈ 1/2·M sat /H sat . This magnetization behavior near saturation including the slope of M (H) for H c3 H < H sat is very similar for all sample.
In this paper we discuss the NMR spectra of 51 V nuclei and the nuclear spin-lattice relaxation rate 1/T 1 of 7 Li nuclei for applied magnetic fields H along the c-direction (H c) near the saturation field µ 0 H sat ≈ 45 T. The NMR spectra represent distributions of the internal magnetic fields which are produced by the surrounding magnetic Cu 2+ moments. The internal field has a large distribution in the spin-modulated phase leading to broad NMR spectra. In the nematic phase, in contrast, moments are uniform and we expect a sharp single, solitary NMR line similar to the saturated phase. However, unlike in the saturated phase, the internal field determined from the peak position of the spectrum should change with the magnetic field H as it is the case for the bulk magnetization M (H) in the nematic phase. Such expectation may not be realized if the sample contains defects, which generate inhomogeneous distribution of the magnetic moments. Since the NMR spectra reflect the histogram of magnetic moments while M (H) gives average magnetization, they may behave differently as we discuss below.
II. EXPERIMENTAL RESULTS
The observation of the phase transition from the spinmodulated phase to the magnetically saturated phase from a local point of view is the major subject of the present work. In addition to M (H) measurements, which give bulk properties, we employed NMR of 51 V (I = 7/2, γ = 2π × 11.1988 MHz/T) nuclei probing the local magnetic properties of the Cu 2+ moments in LiCuVO 4 . Three single-crystalline samples were used in the NMR measurements: sample S0, S1, and S2. Sample S0 was used in the previous NMR experiments in Refs. [28] [29] [30] and obtained from the same batch as S0 * whose M (H) curve is shown in Fig. 1 . Samples S1 and S2 are from a new batch whose M (H) curves are also shown in Fig.  1 . Spin-echo techniques were utilized in the hybrid 45 T magnet of the DC field facility at the National High Magnetic Field Laboratory (NHMFL), Tallahassee, Florida. The absolute values of the applied magnetic fields H were calibrated by NMR using aluminum powder. All spectra of sample S0 were collected with the pulse sequence 3µs − τ − 3µs (τ = 15µs) by sweeping the applied magnetic field H at constant frequencies. Spectra of the single-crystalline samples S1 and S2 were recorded by summing the Fourier transform of the spin-echo signal with the pulse sequence 2.5µs − τ − 2µs (τ = 17µs) obtained for equally spaced excitation frequencies at a fixed magnetic field. Temperatures down to T = 380 mK were achieved within a 3 He cryostat. Figure 2 shows the NMR spectra of sample S2 obtained at T = 380 mK within the range 38 ≤ µ 0 H ≤ 45 T of the applied magnetic field H for H c. Note that ν/γ ≡ µ 0 H eff represents the effective magnetic field sensed by nuclei being observed at the resonance frequency ν and is the sum of the applied field plus the inter-
FIG. 2:
51 V NMR spectra obtained from crystal S2 at T = 380 mK within the field range 38 ≤ µ0H ≤ 45 T for H c. The spin-echo amplitudes are normalized by the peak intensity. The spectral shape shows a crossover at µ0Hc3 ≈ 40.5 T from the double-horn pattern at lower fields to the single-peak pattern at higher fields. The dashed arrow in the inset denotes the expected line shift which is estimated from the bulk magnetization M (H).
FIG. 3: Peak positions of the
51 V NMR spectra in LiCuVO4 are plotted against applied field along the c-direction obtained from samples S0 (squares), S1 (triangles), and S2 (bullets), respectively (left axis). The solid line shows the bulk magnetization M (H) vs. the applied magnetic field H obtained from sample S0 * (right axis). Inset: 51 V NMR spectra of sample S2.
nal local field due to Cu 2+ moments, i.e., H eff = H +H int . Therefore, the abscissa axis of the spectra in Fig. 2 µ 0 H − ν/γ is equal to −µ 0 H int at the probing 51 V nuclei. The double-horn shaped pattern for lower fields H at the bottom of Fig. 2 resemble our previous results, 28-30 where we established the spin-modulated magnetic structure in LiCuVO 4 . The asymmetry of the double-horn shaped pattern for µ 0 H < 30 T turned out to be due to different spin-spin relaxation times T 2 at different spectral positions. 30 Around the value of the applied magnetic field µ 0 H c3 = 40.5 T the double-horn shape starts to disappear in favor of a single-peak spectrum evolving a more symmetric line shape towards higher magnetic fields H. For applied magnetic fields H higher than µ 0 H > 41.4 T, the internal field occurs to stay almost constant without any shift in the peak position of the spectral line. This observation is in contrast to the M (H) data which further increase linearly for the same field values up to the saturation field H sat (cf. the inset in Fig. 1 ). This conflict is illustrated in the inset of Fig. 2 , where the almost unshifted NMR spectral lines are plotted together with the internal field fields calculated from the M (H) data (dashed arrow). The shaded sector in the inset of Fig. 2 shows the estimated error made for the slope of the M (H) dependence obtained from pulse field experiments on M (H) (cf. Fig. 1 ). Such unexpected behavior was observed for all three studied samples. The field dependences of the peak positions of the 51 V NMR spectra are shown in Fig. 3 together with the −M (H) data. The internal field at the vanadium nuclei for all three samples shows almost no change with field for µ 0 H > 41. 4 T in contrast to the full magnetic moment of the sample M (H) measured in the same field range. This discrepancy between NMR line shift and bulk magnetization M (H) demonstrates that the magnetization is not uniform, probably due to the presence of defects. The constant internal field at the peak of the intense NMR line indicates that the majority part of the nuclei far from defects is embedded in an electronic surrounding with saturated magnetic moments, while the bulk magnetization is affected by defects. This point is discussed in more detail below. Therefore,the NMR result is seemingly ineffective in detecting the existence of a spin nematic phase expected within the field range H c3 < H < H sat previously.
However, close inspection of the data in Fig. 3 reveals that within a limited narrow field range 40.5 ≤ µ 0 H ≤ 41.4 T (indicated by the shaded area in Fig. 3 ) the NMR spectral pattern is characterized by a nearly symmetric, solitary, single peak whose resonance position shifts strongly depending on the applied magnetic field H (cf. the inset of Fig. 3 ). This observation meets the theoretically predicted behavior of the spin-nematic phase. Indeed, the behavior of the NMR internal field within the restricted field range mentioned above is consistent with the theoretical prediction of a very steep slope of the magnetization curve in the nematic phase immediately below saturation.
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After the description of static magnetic properties probed by 51 V NMR mentioned above, we now turn to dynamic properties and the results of the nuclear spin-lattice relaxation rate 1/T 1 of 7 Li nuclei (I=3/2, γ = 2π × 16.5466 MHz/T). The sample used for the 1/T 1 measurements is none of the three samples used for the 51 V NMR, but is from the same batch as the sample used in one of the previous NMR experiments described in Ref. 31 . Figure 4 shows the temperature dependence of 1/T 1 at two different applied magnetic fields above µ 0 H = 41.4 T. The Arrhenius representation of the data exhibits a thermally activated behavior at low temperatures
The activation energies are obtained as ∆ = 15.4 K at 45.02 T and ∆ = 9.7 K at 43.27 T (see the inset of Fig. 4) . Assuming that the activation gap depends linearly on the field H, 
as shown in figure 5 . From the plots for two different temperature values we obtain A = 2.34 T −1 for T = 1.32 K and A = 2.10 T −1 for T = 1.57 K. By relating Eq. (4) to Eqs. (2) and (3), we obtain D = 3.1 K/T (3.2 K/T) for T = 1.32 K (T = 1.57 K). These values are again close to 2g c µ B , consistent with the picture that the lowest excitation is a two-magnon bound state.
From the plot in the inset of Fig. 4 , we expect the excitation gap to become zero at applied magnetic fields µ 0 H ≈ 41 T. This value is different from µ 0 H sat = 45 T determined from the magnetization data but agrees with the field value above which the 51 V NMR spectral peak stays constant. This fact provides further support for our previous conclusion that a majority of the magnetic copper ions in LiCuVO 4 are already saturated below µ 0 H sat = 45 T.
III. DISCUSSION
We first discuss the 51 V NMR spectra in the field range H c2 < H < H c3 , where the magnetically ordered structure is recognized as the spin-modulated structure. The characteristic double-horn shape (cf. Fig. 2 ) is an unambiguous fingerprint of an incommensurate magnetic structure only observed within this field range. For lower applied magnetic fields H < H c2 or higher fields H > H c3 the 51 V NMR spectra consist of a single peak. The field dependence of the internal fields at the spectral maxima of the low-field and high-field horn in the case of the double-horn pattern, as well as the internal field of the singly peaked spectra are plotted in Fig. 6 (left axis) . The arithmetically averaged field values H max (solid bullets) of the high-field (triangles) and low-field (squares) maxima, together with the single-peak maxima tightly follow the field dependence of the magnetization data M (H) (right axis in Fig. 6 ). We return to a closer inspection of the discrepancy between the internal field at the majority of vanadium nuclei obtained from NMR experiments and the bulk magnetization M (H) observed within the range of applied magnetic fields H c3 < H < H sat . The natural explanation for this phenomenon is the non-uniform magnetization of the sample, i.e., the magnetization of the majority part of the sample is saturated already at µ 0 H = 41.4 T, whereas there are local regions within the sample whose magnetization is saturated only at H sat . In such a case, the intense line of the NMR spectra in the high-field range is ascribed to the nuclei surrounded by magnetic moments with the saturated magnetization, whereas the experimentally observed growth of the bulk magnetization M (H) of all the samples can be attributed to the non-saturated region near defects.
The expected magnetic structures for the field ranges H c2 < H < H c3 , H c3 < H < H sat , and H > H sat are illustrated in Figs. 7 A, C, and D, respectively. The structures in panel A (below H c3 ) and C (above H c3 ) both exhibit longitudinal modulation of the magnetization. In case of the spin-modulated phase (A) this modulation has a regular sinusoidal shape, whereas for the high-field phase (C) the modulation is not periodic but accidental. We expect that the latter structure is associated with crystallographic defects. Although the nature of the defects is not precisely known, a composition study of LiCuVO 4 indicates the presence of Li defects of a few percents even in carefully prepared crystals. 24 It was argued that a Li deficiency produces a hole doped into the oxygen sites, which in turn will form a ZhangRice singlet with a Cu spin. 24, 36 Such a singlet should be 5+ ions (small blue circles), and magnetic moments of Cu 2+ (arrows). Panel A: the sinusoidal modulation below Hc3 reconstructed from the values of µm and µ1 obtained by fitting the 51 V NMR spectrum at µ0H = 38 T, just below Hc3. Panel B: illustration of intrachain exchange bonds with a defect replacing a magnetic ion by a nonmagnetic one (gray bullet). Panels C and D: models of the magnetic structure with a defect for fields Hc3 < H < Hsat and H > Hsat, respectively. The dashed circles around the non-magnetic defect mark the region where the internal field of 51 V nuclei is smaller than the majority because the neighboring Cu moments are unsaturated.
equivalent to a non-magnetic defect replacing a Cu spin and provokes an unusual magnetic state in its vicinity with deleted two nearest ferromagnetic exchange bonds, but with a conserved antiferromagnetic bond between the two parts of the interrupted chain (see panel B of Fig.  7 ). A theoretical study shows that the saturation field of the magnetic neighborhood of such crystallographic defects is expected at distinctly higher fields compared to the saturation field of undisturbed magnetic chains.
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In the following we describe the fingerprints of such defect structure found in our experiments and evaluate the concentration of those defects. Figure 8 is a replot of the field swept 51 V NMR spectra for applied magnetic fields H between 40.45 < µ 0 H < 45 T at 380 mK. Here, the ordinate axis is adjusted for each spectrum in such a way that the integrated intensity of the entire line is the same for all the spectra. This representation allows for an estimation of the defect concentration. The NMR spectra in this field range consist of an intense symmetric line and a broad plateau-like part. The latter component is closer to the diamagnetic reference field at µ 0 H − ν/γ = 0, and hence has smaller internal fields. The intense symmetric line can be fit by a Lorentzian denoted A1 in Fig. 9 , allowing us to separate the plateau-like part marked as A2. The inset of Fig. 9 shows the field dependence of the relative weight of the plateau-like part A2/(A1+A2). For sample S0 this relative intensity of the plateau-like part decreases monotonously within the entire field range H c3 < H < H sat , whereas for the samples S1 and S2 it was found to be smaller and to exhibit a weaker decrease with increasing field H.
The relative intensity A2/(A1+A2) at fields in the vicinity of H sat is approximately 0.1. From this value we can evaluate the defect concentration x: the probability p that all four magnetic sites surrounding the 51 V nucleus in its nearest proximity are occupied by Cu
2+
ions is equal to p = (1 − x) 4 . Here we suppose that defects are distributed randomly. On the other hand, this value can be evaluated as A1/(A1+A2) ≈ 0.9. From this equation we obtain the concentration x = (2.5 ± 0.6)% of non-magnetic defects in reasonable agreement with the detailed investigation of reference 24.
IV. CONCLUSION
In conclusion, we investigated the magnetic structure of the Cu 2+ moments in the quantum-spin chains of LiCuVO 4 in applied magnetic fields H up to the saturation field µ 0 H sat = 45 T. The double-horn shape of the 51 V NMR spectra in the incommensurate SDW phase changes to a single Lorentzian line around µ 0 H c3 = (40.5 ± 0.2) T. Although the magnetization curve M (H) shows a linear increase of magnetization in the field range H c3 < H < H sat , 34 the internal field corresponding to the peak of the NMR spectra stays constant for µ 0 H > 41. 4 T, indicating that the moments surrounding the majority of vanadium nuclei are saturated in this field range.
The results of the nuclear spin-lattice relaxation rate of 7 Li nuclei also show an energy gap expected for bound magnon pairs above the saturation at µ 0 H ≈ 41.4 T. From these results, we conclude that the theoretically predicted nematic ordered phase can be realized only in the narrow field range µ 0 H c3 < µ 0 H < 41.4 T if it exists in LiCuVO 4 .
We have attributed the discrepancy between our NMR and magnetization data to effects caused by defects. From the careful investigation of a small pedestal-like contribution in the 51 V NMR spectra, we were able to quantify the number of magnetic defects. As these defects locally yield much higher saturation fields H sat we reconciled our NMR results with recent magnetization M (H) experiments. 34 Whether or not elimination of the defects stabilizes the spin-nematic phase is an interesting future issue.
